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In modern analytical chemistry, chromatographic techniques play the most 
important roles over other analytical procedures. They have been extensively 
employed in environmental, pharmaceutical, toxicological, clinical and food and 
flavour, forensic science etc applications. Yet, almost no sample can be injected 
into a gas chromatograph or liquid chromatograph directly without pretreatment. 
In general, sample preparation takes about two-thirds of the time needed for an 
entire analytical procedure. Hence, sample preparation provides a critical 
approach in analytical applications.  
Sample preparation is complicated by a number of factors, such as: (a). 
Concentrations of analytes. In most cases, it is not only necessary to isolate the 
components from the matrix but also to concentrate them by several orders of 
magnitude; (b). Complicated matrices. For example, some matrices are very 
complex and will create problems of foaming and emulsification during the 
isolation procedures, with the result that artifacts may be created and analyte may 
be lost; (c). Complexities of analytes. In most cases, even a single class of 
compounds present in the sample may cover a range of polarities, solubilities, 
boiling points and pHs; (d). Instability. In some cases, components are unstable 
and may be oxidized by air or degraded by heat or extremes of pH values. Care 
should be taken to prevent degradation of such labile analytes.  
In order to have a clear picture of each sample preparation method, the 
history, advantages and disadvantages, future prospect and combination with other 
methods are fully discussed in this study. Just as it is a fact that most of these 
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techniques may offer unique advantages, they may also suffer several limitations 
which may lead to artifact formation, loss of analytes, and proportional changes 
during sample preparation. There is no panacea in this field. No single technique 
will be optimal for every sample, and evaluations should be made to ensure that 
decomposition and loss of desired components do not occur. Nevertheless, there 
must be one or several methods that are most suitable under certain circumstances. 
Occasionally, a combination of several sample preparation methods may provide 
satisfied results. It goes without saying that a good understanding of the chemistry 
involved and hands-on experiences are required to select the best isolation and 
preparation methods. 
This work developed some novel analytical methods, which are mainly 
focused on the new sample preparation methods in combination with gas 
chromatography and mass spectrometry. For example, for the first time, 
supercritical fluid extraction method was applied for the extraction of PCBs from 
pine needle sample. The parameters of this method were optimised, including 
extraction flow rate, oven temperature, back regulator pressure and extraction time. 
Real world pine needle sample was analysed and method was verified. Compared 
with traditional methods for extraction of PCBs in pine needle samples, the new 
method is simpler, cleaner and almost solvent free. This demonstrated that new 
sample preparation methods have great potential and advantages. Another 
research topic is about the comparison between microwave assisted extraction and 
supercritical fluid extraction. In order to understand the mechanism and 
advantages of different new sample preparation methods further and deeper, it is 
very necessary to apply them in real sample’s analysis and evaluated their 
performances. Detailed results about the recoveries and reproducibility are 
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reported. A comprehensive comparisons between microwave assisted extraction 
and supercritical fluid extraction on PCBs from soil were presented. The last 
project is to explain and illustrate how new method, i.e., solid phase 
microextraction can be applied into the non-destructive analysis. The fragrance 
loss profile of a commercial soap was reported for the first time. The results 
obtained explained very well why the smell of a soap changed over time and the 
intensity of fragrance were diminished after usage. And provided more scientific 
probe on the fragrance loss profile compared with traditional olfactory evaluation. 
As most of the methods and applications reported are novel, this thesis provided 
valuable information in the sample preparation methods field. A future 





                                    
















































1.1 Outline of the thesis and General Remarks about Sample 
Preparation Methods  
 
The thesis begins with an introductory Chapter 1 which reviews several 
popular and relatively novel sample preparation methods and describes their 
characteristics to provide sufficient background for the research work presented in the 
rest of this thesis. Their advantages and disadvantages, and future prospects are 
discussed in this thesis whenever necessary.  
In Chapter 2, SFE with CO2 used to extract polychlorinated biphenyls (PCBs) 
from pine needle samples is reported for the first time. Results show that SFE with 
GC/MS (SIM mode) is a reliable technique to determine PCBs in these samples. It is 
demonstrated that SFE is an efficient and relatively clean extraction method for solid 
samples.  
In Chapter 3, two ways in determining PCBs in soil samples were investigated. 
Microwave-assisted extraction (MAE) with hexane-acetone (1:1) and SFE with CO2 
are two recent simpler and more popular ways to determine PCBs in soil sample 
compared with traditional extraction methods such as Soxhlet extraction and 
chromatographic clean up. High resolution GC with electron-capture detection (ECD) 
and GC/MS (SIM mode) were used. The detailed operational procedure and 
optimization of SFE and MAE are discussed. A comparison of SFE and MAE is given 
as well. Both sets of results are compared with those of Soxhlet extraction. To our 
knowledge, this type of detailed comparison has not been carried out previously. 
In Chapter 4, the fragrance loss profile of two commercial soaps after 
continual use was studied with SPME analysis and traditional olfactory evaluation. 
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SPME was selected here to eliminate the needs of organic solvents or complicated 
apparatus. More importantly, SPME keeps the soap intact and makes it possible for 
continuous study.  
Following are general information about sample preparation methods. 
A complete sample analysis procedure includes 5 steps: Sample collection, 
sample preparation, sample analysis, data handling and final report generation. The 
flow diagram is shown on Figure 1-1. 
 
Figure 1-1. Sample Analysis Flow Diagram 
 
 
Sample preparation and pretreatment play a vital and indispensable role in 
a sample analysis. According to statistical survey results [1], about two-thirds of 
the analysis time is typically spent on sample preparation, which requires more 
time than sample collection, analysis and data management. The sampling and 
preparation steps will cost over 75% of analysis time [2,3]. Thus, anything we can 
do to make improvements in this area will translate into advances in time saving 
and convenience. 
Over the past decades, considerable time has been devoted to improving 
analysis speed, resolution, and automation as well as to developing and improving 
instrumentation, data-handling and report-generating software, while sample 
preparation and pretreatment methods have been more or less neglected. Many 
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traditional sample preparation methods such as liquid-liquid extraction (LLE), 
ultrasonic extraction, Soxhlet extraction etc are still widely used, and these 
methods are often time consuming and labor intensive. Furthermore, they often 
require multiple steps, which are prone to analyte loss and use a large quantity of 
organic solvents, most of them are potentially toxic and not environmentally 
friendly. Therefore, developing new sample preparation and pretreatment methods 
is urgently needed. These needs have driven the development of a wide range of 
new sample preparation methods, such as microwave assisted extraction (MAE); 
solid phase extraction (SPE); solid phase microextraction (SPME); supercritical 
fluid extraction (SFE); subcritical water extraction (SWE); supported liquid 
membrane extraction (SLME); accelerated solvent extraction (ASE) and so on. 
The inventor of SPME, Pawliszyn has said that the development of sample 
preparation is a significant challenge and an opportunity for contemporary 
analytical chemists [4]. 
The objective of sample preparation is to extract the analytes of interest 
from a sample matrix, or to remove a complicated matrix. In some cases, the 
analytes are present in very low concentrations. Thus, it is necessary to pre-
concentrate and enrich them before any analysis can be carried out. This is to meet 
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1.2 Overview of Sample Preparation Methods 
 
1.2.1 Microwave-Assisted Extraction 
 
The principle of microwave-assisted extraction is that electromagnetic radiation 
is used as a heat source to desorb analytes from their matrices. The microwave 
frequency is in the region of 100 GHz to 300 MHz; although this entire 
electromagnetic region is potentially available for use, all microwave ovens (for home 
or scientific use) operate at 2.45 GHz only [5,6]. The microwave generator is called a 
magnetron. Historically, the discovery of the magnetron as a heating source was made 
in 1946 by Spencer. The first commercial microwave oven for domestic use appeared 
in the marketplace in 1967.  
The heating effect of a microwave generator is due to dielectric polarization. The 
polarization is achieved by the reorientation of permanent dipoles by the applied 
electric field. This means that under microwave conditions, a polarized molecule will 
rotate to align itself with the electric field at a rate of about 109 times per second [5]. 
As the polarisability of a molecule is often represented in terms of dielectric constant, 
ε’, it is possible to estimate the ability of the microwave to couple to any molecule by 
considering its ε’ values. In the case of microwave-assisted extraction, where samples 
are heated using organic solvents, values of the dielectric constant for organic 
solvents are required for reference. Table 1-1 listed ε’ values of some commonly used 
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Hexane 1.89 68.7 
Dichloromethane 8.93 39.8 
Acetone 20.7 56.2 
Methanol 32.63 64.7 
Acetonitrile 37.5 81.6 
 
Currently there are two ways of using microwaves in scientific research. The first 
one is microwave digestion. The use of industrial-grade microwave ovens is now a 
widely accepted alternative technique for acid digestion in metal determination. This 
type of acid digestion was carried out by hot-plate techniques. In microwave digestion, 
the acidic solution and sample are placed in a closed, non-microwave-absorbing and 
chemically resistant container. The container and its contents are subjected to 
microwave radiation for a period of time, during which the solution is heated to a high 
temperature and thus the hot acid digests the sample matrix. Compared with hot-plate 
digestion, microwave digestion is much faster and more effective. When conducted at 
a suitable temperature and pressure, it is safer as well. A detailed book about this 
technique was written by Kingston and Jassie [7]. The US Environmental Protection 
Agency (USEPA) has established some methods using microwave digestion 
technique for metal determinations [7,8].  
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The second technique that is more related to sample preparation is microwave-
assisted extraction (MAE). It is an alternative to conventional extractions or 
sonication. 
 According to the nature of solvent used, MAE can be of two types. The first one 
involves the use of a non-microwave absorbing solvent. The sample and solvent are 
placed in a vessel (mainly non-microwave-absorbing, chemically inert and has good 
mechanical properties). The radiation will not heat the solvent or only very slightly 
due to its’ low ε’ value.  The sample, which usually contains water and other 
compounds possessing a high ε’ value, absorbs the microwave radiation and releases 
the heated analytes into the surrounding relatively cool solvent, usually selected 
according to its soluting ability for the analytes. This approach is very mild and does 
not encounter high temperature and pressure problems, the extraction vessel can even 
be opened during the extraction. The second approach based on the use of a 
microwave-absorbing solvent or mixture of non-absorbing and absorbing solvents. 
Here sample and solvent (or solvent mixture) are placed in a closed vessel similar to 
those used for microwave digestion. The solvent is heated to a higher temperature 
than its boiling point, and under moderate pressure, normally about 1010 kPa. Under 
such conditions, the hot solvent provides rapid extraction of analytes from the matrix.  
A temperature sensor and pressure sensor are usually installed for safety. A 
microwave-absorbing solvent with a high ε’ or a non-microwave-absorbing solvent 
with a low ε’may be selected, depending on the sample and matrix. 
Compared with LLE or Soxhlet extraction, MAE uses less organic solvent and 
the extraction is faster and more effective. Selectivity can be effected by using 
solvents with different ε’ value. Multiple samples can be extracted simultaneously. 
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For example, a commercial MAE system manufactured by CEM Corp (Matthews, NC, 
USA) allows up to 12 extraction vessels to be irradiated simultaneously, resulting in 
increased throughput. 
Ganzler et al developed the first application of MAE in 1986 [9]. The household 
microwave oven was used to extract analytes from soil, seeds, foods and feeds using 
hexane for non-polar compounds and methanol or methanol-water mixture for polar 
compounds. The oven was operated in short 30 s durations and after cooling, repeated 
several times. This approach was compared with the traditional approaches of Soxhlet 
extraction and LLE. In every case, the recoveries obtained by MAE were comparable 
with those obtained using the traditional approach. Since then, a wide range of 
compounds has been extracted by MAE and determined by gas chromatography (GC) 
or gas chromatography / mass spectrometry (GC/MS), such as pesticides [10,11,12], 
herbicides [13,14], polycyclic aromatic hydrocarbons (PAHs)  [15,16,17,18], 
phthalate esters  [19], polychlorinated biphenyls (PCBs) [16,20], apiole from sea 
parsley, peppermint, cedar oil, sulfur-containing garlic components, perfumery and 










     8
 1.2.2 Solid Phase Extraction 
 
 
Solid-phase extraction (SPE) is an adsorbent-based technique, and is a form of 
liquid-solid extraction. It is one of the most useful sample preparation methods that 
involves bringing a liquid sample in contact with a solid phase, or sorbent, whereby 
the analyte is selectively adsorbed onto the surface of the solid phase and eluted with 
small amount of solvent subsequently. The solid-phase sorbent is usually packed into 
small tubes and cartridges and its mechanism is similar to liquid chromatographic 
separation. By selection of the proper sorbent, the analyte should be retained in 
preference to other extraneous materials present in the sample. This extraneous 
material can be washed out by the passing of appropriate solvents through the sorbent 
bed. Subsequently the analytes of interest are eluted using a suitable solvent. The 
eluate is then collected, and normally further pre-concentration is necessary before the 
final analysis. Sometime further clean-up of the eluate is necessary, depending on 
different requirement [5,6].  
The first application of SPE can be dated back to the early 1950s [22], Braus et al 
utilized activated carbon adsorption for isolation of organic materials from water 
samples. From the 1950s to the early 1970s, activated carbon adsorption was an 
important approach in the initial effort of identification and quantification of trace 
organic pollutants in waters [23,24,25]. From the quantification point of view, the 
technique was not very effective, because activated carbon does not absorb all of the 
analytes from water samples and organic solvents could not recover all of them. 
Compared with today’s SPE, that method used large quantities of water samples and 
activated carbon (up to several kilograms) even for a single analysis [25,26]. 
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Furthermore, a time consuming Soxhlet extraction had to be applied to desorb the 
analytes extracted by the adsorbent. Due to these disadvantages, applications of 
activated carbon for pre-concentration of organic compounds from water gradually 
lost popularity after polymeric materials were introduced at the end of the 1960s and 
the beginning of the 1970s. Polymeric materials for SPE began from the work of 
Riley and Taylor and the work of Burnham et al., and gained in popularity in the 
1970s [27,28,29]. The material of these polymeric adsorbent is Amberlite XAD-2, 
XAD-1 and XAD-4 etc, which are copolymers of styrene-divinylbenzene. Gustafson 
et al. evaluated the property of these adsorbents in adsorbing ionic, polar and non-
polar organic compounds from water samples [30]. Junk et al. made a more 
comprehensive study of XAD polymers for extraction of a wide variety of organic 
compounds including alcohols, aldehydes and ketones, esters, PAHs, carboxylic acids, 
phenols, ethers, halogen compounds, nitrogen comounds and pesticides from aqueous 
samples [31]. This work has been cited frequently by later researchers in the SPE field. 
Compared with activated carbon, there is no significant irreversible adsorption for the 
polymeric adsorbent. The analytes adsorbed to the adsorbent can be easily eluted with 
common organic solvents. However, for adsorbents in SPE, whether activated carbon 
or polymeric materials, an extensive clean up with organic solvent is necessary before 
use. This is inconvenient in practical applications.  
The concept of SPE as a specific technique was not established until 1978 when a 
disposable SPE cartridge, Sep-Pak, packed with C18 bonded silica, became 
commercially available from Waters (Milford, WI, USA). The use of disposable 
cartridge greatly improved the efficiency of sample preparation in analytical 
laboratories. C18 bonded silica materials as an SPE adsorbent was also quickly 
accepted by analytical chemists because of its cleanliness, good stability, and rarity of 
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irreversible adsorption [32,33]. Since then, SPE has been used in a wide range of 
applications and the present name “ solid phase extraction” was soon accepted by 
analytical chemists.  A new format of solid phase extraction, SPE disks (Empore disks) 
was introduced by 3M (St. Paul, MN, USA) in 1989. These disks are embedded or 
impregnated with a stationary phase, such as C18, C8, etc. Two major characteristics 
distinguish SPE disks from SPE cartridges: relatively large cross-sectional area and 
thinness. These characteristics enable higher flow rates, thereby increasing extraction 
speed and the throughput of sample preparation [5,34]. This is especially useful when 
a large quantity of samples are required to be pretreated, such as in the environmental 
analysis field, normally 1 L water is used for pre-concentration. In this case, when a 
SPE cartridge is used, it takes about 2 hours whereas for SPE disks, only 10 mins is 
needed. Another major difference between cartridges and disks is the number of 
available staionary phases. Most manufacturers of SPE cartridges offer more than 20 
phases, mostly duplicates of HPLC column phases. Disks, on the other hand, are 
available in a relatively limited number of phases. As a mature sample preparation 
method, SPE is used extensively in the environmental, pharmaceutical, clnical, food 
and beverage and forensic sciences areas. Thus, we can anticipate that as disk 
technology improves and user demands are met, many kinds of disks will come into 
the market as happened to cartridges.  
There are two simple SPE strategies for sample preparation. A cartridge sorbent 
and sample solvent are selected to enable the following: 
1. Analyte is eluted while matrix interferences are adsorbed. 
2. Analyte is retained while matrix interferences pass through unretained. 
The first strategy is usually chosen when the desired sample component is present 
in high concentration. When components of interest are present at low levels, or 
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multiple components of widely differing polarities need to be isolated, the second 
strategy is generally employed. The second strategy may also be used for trace 
enrichment of extremely low level compounds and concentration of dilute samples. A 
complex matrix may be treated by both elution strategies to isolate different target 
analytes.With either strategy, there are three different chromatographic modes to 
choose from. 
1. Normal phase. 
2. Reversed phase 
3. Ion-exchange. 
To perform normal phase chromatography with SPE cartridges or disks, use a 
gradient of nonpolar solvents with polar silica, Florisil (magnesium silicate), 
aminopropyl bonded silica (NH2), diol bonded silica (Diol), cyanopropyl bonded 
silica (CN), alumina as a sorbent. To perform reversed-phased chromatography with 
SPE cartridges or disks, a gradient of strongly to weakly polar solvents with nonpolar 
C18 bonded silica (C18), C8 bonded silica (C8), C2 bonded silica (C2), Diol, NH2 or CN 
as a sorbent is used. To perform ion-exchange chromatography, a gradient of pH or 
ionic strength with benzenesulfonic acid bonded silica (SCX), 
trimethylammoniopropyl quaternary amine bonded silica (SAX), or 
diethylammoniopropyl tertiary amine bonded silica (DEA) as a sorbent is utilized. As 
indicated above, there are many different types of sorbents for each mode, and the 
selection of strategy, mode, sorbent, and elution solvents will depend upon the 
specific sample mixture and goal of the separation. Table 1-2 listed a summary of 
commercially available silica-bonded sorbents.  
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 Table 1-2 Chemistry of SPE Bonded-Phase Sorbents 
 
















From the table above, we may find out that SPE is comparable to HPLC, mainly 
in terms of the interaction of analytes with the adsorbent.  Athough HPLC and SPE 
have many similarities – for example, the same phases, retention mechanisms, and 
solvent types etc., table 1-3 compares the two techniques under their common 
operating conditions. One primary difference between the two is the nature of the 
elution characteristics. HPLC uses continuous elution to separate analytes, and SPE 
uses on-the-phase retention and off-the-phase elution. Although the phases used in 
HPLC and SPE are essentially the same with different particle sizes, the extent of 
phase usage shows some differences. The popularity of C18 phases in SPE is 
surprising and thought to be a carryover from its popularity in HPLC. Since the C18 
phase is very hydrophobic, it will retain most organic compounds from water, without 
any appreciable selectivity. Thus, SPE users can obtain good retention and better 
selectivity by choosing another phase with nonpolar or polar functionality. Compared 
with HPLC, Florisil and alumina have found more widespread use in SPE. They are 
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particularly useful for removing pesticides from agricultural and environmental 
samples before GC or GC/MS analysis. 
 
Table 1-3 Comparison of HPLC and SPE Under Common Operation 
Conditions  (Adapted from reference 35) 
 
Factor HPLC SPE 
Format Stainless steel column Plastic cartridge 
Particle size (µm) 3 or 5 4 
Particle shape Spherical Irregular 
Plates/column 20-25000 <100 
Separation Continuous elution Non-continuous elution 
Cost of column US$250-300 US$ 1-2 
Operation Reusable Used once 
Separation modes Many Many 
Cost of operation Moderate-high Low 
Cost of equipment High Low 
 
Like an HPLC column, in reversed-phase (RP) chromatography, the bonding of 
the functional groups is not always complete, so unreacted silanol groups remain. The 
so called “endcapping” technique has to be mentioned here. In RP chromatography, 
typical mobile phases are mixtures of water or aqueous buffer with methanol, 
acetonitrile or tetrahydrofuran, and typical stationary phases are silica-based bonded 
phases with aliphatic hydrocarbons as ligands. Other packings for RP chromatography 
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are graphitized carbon and styrene-divinylbenzene packings. The performance of RP 
bonded phases depends also on the activity of residual silanols. Silanols interact with 
the polar functional group of the solutes. Therefore, packings exhibit different 
selectivities depending on the activity of the silanols. Also, tailing peaks are often 
observed for basic compounds on packings with a high-level silanization reagent that 
converts the silanols to trimethylsilyl groups. Nevertheless, the surface concentration 
of residual silanols is always higher than the total concentration of bonded ligand 
including the endcapping ligand. Silanol activity also depends on the pretreatment of 
the silica and the purity of the silica. Fully endcapped bonded phases based on high 
purity silicas are recommended for the chromatography of basic analytes. Non-
endcapped packings can be used with advantage in many other applications to obtain 
a different selectivity. The surface chemistry of a typical RP packing is shown in 
Figure 1-3. Normally, a small silane, usually trimethylchlorosilane (TMCS), is used to 
produce maximum endcapping. Trimethylsilyl groups (endcapping groups) are 
subject to hydrolysis in acidic conditions; therefore, endcapped packing should not be 



























































































Figure 1-3. Surface Chemistry of a Typical Reversed-Phase Packing 
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A typical SPE cartridge is shown as Figure 1-4.  The body of the cartridge is 
often made of polypropylene or PTFE (polytetrafluoroethylene), The SPE sorbent, 
ranging in mass from 50mg to 10g, is positioned between two frits, at the top and base 
of the cartridge, which act to both retain the sorbent material and to filter out 
particulate matter. Typically the frit is made of polyethylene with a 20µm pore size. 
The outlet is a male luer tip. In some robotic system compatible SPE cartridges, there 
is an integral solution reservoir (ca. 20ml). The packing materials are normally 
irregular in shape, between 40 and 50µm mean particle diameter, and with a pore size 
of 60 Å. 
 
 
Figure 1-4. Diagram of a Typical SPE Cartridge 
 
 
To speed up flow of both solvent and sample through the sorbent, two methods 
are usually carried out. (i) Pressure applied to the cartridge inlet, which in its simplest 
form could be gravity or via a syringe; (ii) Vacuum applied to the cartridge outlet. In 
the latter case, a vacuum manifold is often used for multiple cartridges, which can 
process from 8 to 30 cartridges simultaneously.  Another format of SPE is the disk, 
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most well known is the commercial Empore brand in which the 5-10 µm sorbent 
particles are intertwined with fine threads of PTFE. This results in a disk 
approximately 0.5 mm thick and a diameter in the range 47 to 70 mm. No matter 
which kind of SPE format is used, the operation procedure is the same and can be 
divided into five typical steps. Each step is characterized by the nature and type of 
solvent used which in turn is dependent upon the characteristics of the sorbent and the 
sample (Figure 1-5).  
Figure 1-5. A Typical Solid Phase Extraction Process 
(In the diagram, a = analyte, x = interferences.) 
 
 
The 5 steps of a typical SPE operation procedure are: 
1. Wetting the SPE sorbent. Normally the cartridge is wetted by an organic 
solvent, such as acetonitrile, methanol etc. This step is to open up the 
hydrocarbon chains and thus increases the surface area available for 
interaction with the analyte. It is also very important to remove some 
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residues of packing material that might affect the final result both on 
recoveries and unknown chromatographic peaks. 
 
2. Conditioning the sorbent. This step utilizes suitable solvent, normally 
similar to the test solution that is to be extracted, such as polarity, ionic 
strength and pH value etc. The sorbent bed is washed by the suitable 
solvent in order to remove excess acetonitrile or methanol and prepare the 
surface for the sample solution. Usually, sufficient solvent volume is 4 to 
6 times the bed volume of the cartridge. Conditioning is necessary to 
ensure reproducible interaction with the analyte. 
3. Sample application. The loading of sample can be performed with 
positive or negative pressure with a flow rate of ~3ml/min. 
4. Washing of the sorbent. This process is usually achieved with a special 
wash solution, to wash the sorbent and allow unwanted extraneous 
material to be removed without influencing the elution of the analyte of 
interest. Obviously, this is a critical step to the whole process and is 
dependent upon the analyte of interest and its interaction with the sorbent 
material and the choice of solvent to be used. 
5. Elution. Elution with a suitable eluent should not be too fast. The elution 
speed depends on the column or cartridge dimension and the quantity of 
sorbent (about 1 ml/min). The volume of the eluting solvent should be as 
small as possible to avoid dilution of the extract and thus leading to 
higher limit of detection. A typical minimum elution volume is 250 µl 
/100 mg of sorbent. 
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Successful SPE obviously requires careful consideration of the nature of the SPE 
sorbent, the solvent systems to be used and their influence on the analyte of interest. 
In addition, strict control of the operation conditions is also very important, such as 
the flow rate of loading the sample and eluting the analyte. 
 
As an effective sample preparation and pretreatment method, SPE has been used 
extensively in a wide range of fields, such as environmental applications, 
pharmaceutical, biomedical, and forensic fields [38-47]. In a reader survey conducted 
by LC-GC magazine in 1996, almost half of the respondents said that they used SPE 
for sample preparation [35]. SPE has displaced LLE as the preferred technique for the 
preparation of liquid samples. SPE is a recognized alternative to LLE in many U.S. 
Environmental Protection Agency (EPA) methods. These include the following 
analytes in drinking water: benzidines (EPA 553); carbonyl compounds (EPA 554); 
chlorinated pesticides (EPA 508.1); chlorinated acids (EPA 515.2); polycyclic 
aromatic hydrocarbons (EPA 550.1); tetrachlorodibenzo-p-dioxin (EPA 513) etc. SPE 
has also found uses in the food and flavour technologies for extraction of components 
from wine, cereals and beer etc [44-47]. All in all, SPE has proved itself to be a 
valuable extraction technology for many areas of organic analysis.  
The future development of SPE is focused on three directions. Firstly, new 
sorbents continue to be developed for cartridge and disk. For example, Waters 
(Milford, WI, USA) has introduced a new polymeric reversed-phase sorbent that 
allow users to process samples faster and develop rugged methods [48]. The OasisTM 
extraction cartridges and plates is a Hydrophilic-Lipophilic-Balanced (HLB) 
copolymer that offers two major advantages: a universal sorbent and high, 
reproducible recoveries, even if the cartridge bed runs dry, which is not desirable in a 
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conventional SPE cartridge. Another example is that with the development of newer 
methods of preparing selective sorbents, targeted extractions and separations will be 
furthur exploited, such as immunoadsorbents [49], and molecular 
imprinting/recognition [50,56]. They are used for the purpose of selective enrichment 
of the target compounds.  
Secondly, besides the new packing materials, another trend of SPE is 
minaturisation. To meet high throughput requirements, a 96-well SPE extraction plate 
has been available for some time. The plate contains 96 individual SPE columns [51]. 
 Thirdly, automation and coupling SPE with other techniques are alternative 
approaches, such as the combination of SPE and supercritical fluid extraction (SFE) 
can provide an organic solvent-less sample preparation technique. In this approach, 
the sample is collected or isolated on a SPE disk or cartridge, and the device is placed 
in the extraction thimble of an SFE instrument [52,53,57,58]. Many of the 
developments in SPE have involved its linkage to HPLC for subsequent sample 
analysis and identification. Ollers et al. studied the SPE for sample concentration prior 
to chromatographic separation and determination, i.e. SPE/GC/MS [54]. He and Lee 
exploited the possibility of coupling SPE with capillary electrophoresis, i.e. SPE/CE 
[55]. 
Compared with LLE, SPE methods reduce solvent consumption, have fewer steps, 
save labor, provide better efficiency, prevent emulsions, enable easy sample 
collection and are more amenable to automation. Meanwhile SPE has some internal 
limitations such as in most cases its application is limited to liquid samples, so for 
solid samples, it is necessary to convert the sample into a liquid matrix. SPE is still 
time-consuming, and although not in any significantly quantities, organic solvents are 
still needed. Nevertheless, SPE continues to develop as an essential technique for 
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sample extraction and pre-concentration, and it can be foreseen that with the 
development of new materials and new coupling technique, the procedure will remain 
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1.2.3 Solid Phase Micro-Extraction 
 
Solid-phase Microextraction (SPME), was first reported by Arthur and Pawliszyn 
in 1990  [59]. It is now widely accepted, and has rapidly evolved into an excellent tool 
in modern analysis. Initially, SPME was introduced to analyze relatively volatile 
compounds in the environmental field, but now its use has been extended to the 
analysis of a great variety of matrices: gas, liquid and solid [60-68] and to a wide 
range of compounds from volatile to nonvolatile compounds [64-76]. To date, more 
than 600 articles on SPME have been published in different fields, and there are 
several monographs available on the SPME theory and applications [77,78]. 
 
SPME utilizes a short fused silica fibre (normally 1 cm), usually coated with a 
GC stationary phase material. The fibre is mounted for protection in a syringe-like 
holder (Figure 1-6). The SPME holder provides two functions. One is to provide 
protection for the fibre during transport while the second function is to allow piercing 
of the rubber septum of the gas chromatograph injector via a needle. Certainly, the 
holder of SPME for HPLC use is a little different. Up to the present time, this is the 
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 Figure 1-6.  Solid-phase Microextraction Device, from Supelco 
 
 
As mentioned in above paragraph, the SPME coating utilized the same stationary 
phase in GC. For example the PDMS (polydimethylsiloxane) coating, is exactly the 
same as the popular stationary phase used for GC separation. The structure of this 
coating polymeric phase is shown on Figure 1-7. This coating is a non-polar phase 
that is normally used for the extraction of non-polar organic compounds. It is stable at 
temperatures up to 360 oC. 
 
 
Figure 1-7. Polydimethylsiloxane (PDMS) Coating 
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Currently, about 30 variations of fibre coatings and film thickness are 
commercially available.  The most commonly used coatings are: PDMS films of 
different thickness (7, 30 and 100 µm), 85 µm polyacrylate (PA), and the mixed 
phases of 65, 60 µm PDMS-DVB (divinylbenzene), 75 µm Carboxen-PDMS, 65 µm 
Carbowax (CW)-DVB, and 50 µm CW-templated resin (TR). In mixed phases, DVB 
porous microspheres are immobilized on the fibre by using Carbowax or PDMS as 
glue to hold them together. The choice of a particular coating is chemical-structure 
dependent. As a general selection rule, the “like dissolves like” principle can be 
applied. However, knowledge of other extraction and separation techniques is helpful. 
To date, the selectivity needed is mainly based on polarity and volatility differences 
among molecules, because only limited general coatings are available. Due to the 
limited explorations of SPME/HPLC hyphenation, the available fibre coatings for 
HPLC use are not as numerous as those for GC use. Nevertheless, the stationary phase 
materials are exactly the same; more detailed information about SPME/HPLC will be 
discussed later. PDMS is the most popular coating for their high temperature 
tolerance and ruggedness. Through changing and optimizing the extraction conditions 
such as pH, salt concentration and temperature, they can also be used to extract 
slightly more polar compounds. The PA phase is suitable for extracting more polar 
compounds and the mixed phase coatings have complementary properties compared 
with PDMS and PA. SPME fibre assemblies can be reused for up to 100 analyses, or 
more, depending on the application and the care they are given. To reuse the same 
fibre, it is generally reconditioned in solvent or by heat before and after every analysis. 
However, the potential of sample carryover can never be ruled out. 
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Normally, the SPME process consists of two steps. In the first step, the coated 
fibre is exposed to the sample or its headspace and the target analytes partition from 
the sample matrix to the coating. In the second step, the fibre bearing the concentrated 
analytes is transferred to the analytical instrument where desorption, separation, and 
quantification of the extracted analytes take place. The desorption step is normally 
attained by placing the fibre into a hot injector of a GC instrument, or in a 
SPME/HPLC interface. Figure 1-8 describes the SPME extraction and desorption 
procedure. Coupling of SPME to CE by an appropriate interface has been descried as 
well [79]. For SPME/HPLC the interface consists of a six-port injection valve where 
the sampling loop is replaced by a desorption chamber. The SPME needle is securely 
fastened in a PEEK needle guide and the fibre is then introduced to the desorption 
chamber. Desorption is accomplished by means of a suitable organic solvent (often 
the HPLC mobile phase) either in dynamic mode (stream of solvent washing the fibre) 
or in static mode (stagnant solvent). Coupling to HPLC enables the determination of 
some non-volatile, thermal labile molecules and has greatly enlarged the range of 
application of the technique, to forensic chemistry, toxicology, clinical chemistry and 
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Figure 1-8. SPME Procedure 
Graphic from Sulpeco website 
(http://www.sigmaaldrich.com/Brands/Supelco_Home.html) 
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SPME sampling can be performed in three basic modes: direct extraction, 
headspace extraction, and membrane-protected SPME. In direct extraction, the coated 
fibre is directly immersed in the sample and the analytes are transported from the 
sample matrix to the fibre coating. To make aqueous extraction faster, agitation is 
necessary. For gaseous samples, natural convection of air is enough to facilitate fast 
equilibration. To achieve a more efficient agitation, in the case of aqueous matrices, 
fast sample flow, stirring, or sonication is required. In the headspace mode, the 
analytes are transported to the fibre through the headspace. In this case, the fibre 
coating is protected from damage by high-molecular-mass interferences such as 
proteins or humic matter in the aqueous solution. This headspace mode allows for a 
change in pH without damaging the fibre. In the third mode, SPME with membrane 
protection, the fibre is separated from the sample by a selective membrane, which 
allows the analytes through while blocking the interferents. The main purpose for the 
use of the membrane barrier is to protect the fibre against adverse effects caused by 
high molecular weight compounds when very dirty samples are analysed. Because the 
analytes need to diffuse through the membrane before they can reach the fibre coating, 
the extraction process is slower than direct or headspace extraction. Although use of 
thin membranes and increased extraction temperature can result in shorter extraction 
time, this mode is not so popularly used as the first two modes [80]. 
The main principle of operation of SPME is the partitioning of analytes between 
an aqueous sample and a stationary phase. The thermodynamic aspects of this 
technique have been extensively described in some books on SPME [77,78,80,81], 
and can be applied to predict the effects of modifying certain extraction conditions on 
partitioning, and to indicate parameters to control reproducibility. From the pragmatic 
point of view, studies of conditions and parameters that affect SPME would be more 
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direct and useful. Developing a good application of SPME require some logical 
approaches in selecting the appropriate fibres and optimizing the extraction conditions. 
There are several fibre coatings available, and they can be classified by polarity or 
extraction type mechanism. The polar fibres are the PA coated fibres and the CW-
DVB coated fibres. The other remaining fibres are nonpolar or bi-polar. The nonpolar 
fibres have a PDMS coating, and the bi-polar fibres are primarily nonpolar, but will 
extract some polar analytes efficiently. The other means for classifying fibres is by 
extraction mechanism. Absorbent fibres extract by partitioning into a liquid type 
coating. The analytes are retained by the thickness of the coating. Adsorbent type 
fibres contain porous particles suspended in a liquid phase. The particles retain 
analytes in the pores or on the surface. DVB contains primarily mesopores that extract 
larger analytes while Carboxen contains more micropores which are ideal for 
extracting smaller analytes. To expand the analyte range that could be extracted with 
one fibre, one type of fibre has DVB-PDMS coated over a layer of Carboxen-PDMS. 
According to the principle and mechanism, the “like dissolves like” rule can be 
applied here as well. When extracting low-molecular weights analytes (<90), 
regardless of functionality, the clear choice is Carboxen/PDMS fibre, especially for 
those polar low-molecular weight analytes. This is because the porosity of Carboxen 
enables it to retain these smaller analytes [82]. Due to the small size of these analytes, 
fibre polarity had little or no influence on the extraction of the polar analytes. But 
certainly, in extracting polar analytes, less interfering compounds will be extracted by 
using polar fibres. Larger analytes are poorly extracted by Carboxen, while these 
analytes are efficiently extracted by PDMS and PA fibres. Meanwhile the effect of 
fibre polarity is more significant with larger analytes. More polar analytes are best 
extracted with the polar fibres such as CW-DVB and PA. Another parameter is the 
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coating thickness. Taking the 7 µm, 30 µm and 100 µm PDMS fibre as examples, the 
second type is a suitable fibre for extracting both lower and higher molecular weight 
analytes within a reasonable amount of time (30 mins). For example, this is a good 
fibre choice for PAHs and PCBs. The 100 µm PDMS fibre extracts the lower 
molecular weight analytes efficiently, but the efficiency in relation to larger analytes 
is not as good. An extraction time of 30 mins is not sufficient to allow the larger 
analytes to migrate into the coating. The 7 µm PDMS has less capacity and poorly 
extracts the lower molecular weight analytes, but it is suitable for higher molecular 
weight analytes, and is especially ideal for extracting nonpolar and high molecular 
weight analytes. Besides the fibre coating type, other extraction parameters include 
temperature, pH value, ionic strength, agitation, and extraction time etc. The 
extraction temperature has two opposing effects on the SPME technique. Increasing 
temperature enhances the diffusion coefficient of analytes; while on the other hand, as 
adsorption is an exothermic process, increasing temperature reduces the distribution 
constant of the analyte. To achieve the best extraction result, a compromise should be 
considered. Pawliszyn introduced a new device, which allows the sample to be heated, 
and the fibre to be cooled simultaneously [77]. The pH value of the sample solution is 
important for acidic and basic analytes, because it is necessary to keep them in an 
undissociated form to achieve better extraction. Generally, neutral analytes were not 
affected by pH. It should be noted that PDMS fibres cannot be exposed to a sample 
with a pH below 4 or above 10 [83]. In order to increase the ionic strength of the 
solution, the addition of inorganic salt, usually sodium chloride or sodium sulphate is 
often made. Increasing ionic strength of the sample solution makes organic 
compounds less soluble and enhances the partition coefficients several times. 
Nevertheless, after desorption the fibre must be very carefully washed because it 
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becomes more fragile [82]. To achieve faster equilibration, agitation is normally 
necessary, because it enhances the diffusion of analytes, toward the fibre. There are 
several agitation methods in SMPE, such as magnetic stirring, shaking with a Vortex, 
direct sonication etc. The most commonly used is magnetic stirring owing to its wide 
availability in analytical laboratories and its flexibility in different SPME extraction 
modes. The most effective agitation method is direct sonication, providing very short 
extraction times (20 s) [77]. It is without question that time and temperature are two 
key factors in SPME extraction. If extraction time were not kept consistent, 
reproducibility would be poor. Thus, a timing device and a calibrated thermometer 
should be used to ensure reproducible results.  
SPME has gained widespread acceptance as the technique of preference for many 
applications. As mentioned above, it was initially developed for environmental 
analysis, numerous applications of SPME can be found for different environmental 
matrices such as air, surface and groundwater, seawater, wastewater and soils [84-98]. 
The environmental field is still the dominant realm of SPME applications. But in the 
last few years it has found extensive applications in biology, pharmaceutical science, 
natural products chemistry, food science, toxicology and forensics etc  [99-109].  
The advantages of SPME are obvious: as a sample preparation method, it is fast, 
simple, solvent-free, economical, versatile (It is compatible with GC, GC/MS, HPLC 
and LC/MS etc), and selective. The required sample volume is usually small. It is also 
superior to SPE considering SPE’s muti-steps, time consuming and possibilities of 
sample losses and contamination. However, SPME is not a universal panacea to 
analytical problem. SPME, though superior to most of other sample preparation and 
pretreatment methods, has its own inherent limitations. For example, for a new fibre 
or a used fibre that has been in storage, time consuming conditioning should always 
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be performed. Even with careful conditioning, bleeding of the coating is always a 
possibility. Analyte carryover is also another potential problem. Thus, running a blank 
experiment is usually required between samplings. All of these procedures need extra 
time and effort, and more or less makes SPME a relatively complex procedure if it is 
to be performed very well. Even the use of the new types of fibre, i.e., StableFlex 
fibres, which are more durable than the standard fused silica fibres (which are fragile 
and easily broken), the quality of fibres still varies from batch to batch, which also 
means the necessesary optimization of each fibre before use. In some heterogeneous 
matrices, such as those with high percentage of suspended matter, the fibre coating 
can be easily damaged during agitation. In a matrix with high-molecular weight 
compounds, SPME fibre can adsorb these compounds irreversibly, Thus changing the 
coating properties and making fibre unusable. In these cases, a membrane protected 
SPME mode can be used. Nevertheless, this mode is very time-consuming and can 
affect most of the SPME advantages with poor reproducibility. Unlike other sample 
preparation methods, SPME does not completely remove all the analytes of interest 
from the sample (it is not an exhaustive extraction procedure), which makes fast 
extraction possible. On the other hand, unless all extraction parameters are kept 
absolutely constant from run to run, accurate quantitation is difficult to achieve. An 
optimal approach to carry out quantification for a particular sample matrix is thus 
very important. Internal standards or standard addition are often required with 
heterogeneous samples, and controlling and monitoring the sampling parameters of 
time, temperature and operation technique are critical to achieving reproducible 
SPME results. 
 
     31
Despite the existing drawbacks in SPME technique, its advantages are very 
attractive to analytical chemists. It is a much sought-after alternative to existing 
sample preparation methods. Some of its future applications can be reasonably 
predicted here.  
Firstly, the expansion of SPME applications is limited by the availability of 
appropriate coatings. Thus, new coatings for the selective extraction and specific 
extraction is eagerly expected and desired by laboratory chemists. Driven by such 
strong demands, commercial developments and product improvements have occurred 
almost every year.  
Secondly, the analyte derivatization on SPME fibre maybe become popular in the 
future although the study of it can be dated back to as early as 1996 [110,111]. The 
combination of SPME and derivatization of analytes can enhance the selectivity and 
sensitivity of the determination of numerous organic compounds from almost all 
matrices. Two common used ways in derivatization are: direct derivatization in the 
sample matrix or doping the fibre coating with the derivatizing reagent. Here the more 
interesting and potentially more useful one is simultaneous derivatization and 
extraction performed directly in the coating, because it allows for high efficiencies 
and can be used in field sampling.  
Thirdly, the automation and coupling of SPME with other detection instruments 
and sample preparation methods will be future trends as well. The automation of 
SPME with detection instruments makes high throughput possible. For example, 
commercial products such as those from CTC (Zwingen, Switzerland) and Gerstel 
(Mülheim an der Ruhr, Germany) meet these requirements very well. They can 
process up to 32 samples each time, with better time, temperature, agitation and even 
derivatization control. When coupled to GC/MS, SFC/MS and LC/MS automation 
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makes the determination of lower concentrations of a broad range of analytes in 
complex matrices possible [112]. SPME coupling with other sample preparation 
methods such as subcritical water extraction (SWE), MAE and accelerated solvent 
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1.2.4 Supercritical Fluid Extraction (SFE) 
 
The discovery of the supercritical phase can be dated back to as early as 1822. 
Baron Cagnizad de la Tour observed that the boundary between a gas and a liquid 
disappeared for certain substances when the temperature was increased in a sealed 
glass container. The superior solvation qualities of supercritical fluids over 
conventional liquids have been studied for more than a century after Hangay and 
Hogarth in 1879 investigated the solubility of inorganic salts in supercritical ethanol 
(Tc=243 °C; Pc=6300 kPa). It was however not until the late sixties that the potential 
of extraction with supercritical fluids was recognized. A major breakthrough in the 
use of supercritical carbon dioxide was the filing of various patents by Zosel between 
1964 and 1976 on the decaffeination of coffee. The work led to the growth of 
applications in the industry. A decaffeination plant for Maxwell House Coffee 
Division was installed by Kraft General Foods in 1978. It uses an extraction cell with 
a height of 25m. 
Analytical SFE was developed relatively later, with the first paper on SFE 
combined with thin layer chromatography published in 1976 [119]. Capillary 
supercritical fluid chromatography (SFC), was introduced by Novotny et al., who 
started the development in the use of supercritical fluids for analytical usage [120]. 
Analytical-scale commercial SFE system first appeared in the mid-1980s.  
Since then, supercritical fluids have being used for a wide diversity of 
applications. Among these are two dominant applications, environmental analysis and 
food analysis. They comprise more than 75% of total SFE applications. Other 
important areas where SFE has been applied successfully include: natural products 
research, pharmaceutical analysis, polymer characterization, etc [121-124]. As a 
     34
method, SFE has its own advantages and limitations. Many parameters will affect the 
final result of an SFE experiment. Only experienced and sophisticated analysts with a 
sound knowledge of SFE, can use the strengths of this extraction method to their 
advantage and avoid its limitations. 
The following paragraphs will discuss the basic principles of supercritical fluid, 
instrumentation, parameters which should be optimized, typical applications and 
future prospects of SFE. The strengths and weaknesses of SFE will be described and 
discussed in detail. 
Figure 1-9 is the phase diagram of a common substance. A pure substance 
normally has 3 phases, i.e. solid, liquid or gas. At a particular temperature and 
pressure, the so called the triple point, the solid, liquid and gas states can exist 
together. For every substance there is a temperature above which it can no longer 
exist as a liquid, no matter how much pressure is applied. Likewise, there is a pressure 
above which the substance can no longer exist as a gas no matter how high the 
temperature is raised. These points are called the critical temperature (Tc) and critical 
pressure (Tp) respectively and are the defining boundaries on the phase diagram for a 
pure substance (Figure 1-9). Beyond these boundaries the substance has properties 
intermediate between a liquid and a gas and is called a supercritical fluid (shaded in 
the diagram). In this region the fluid has good solvating power and high diffusivity, 
which make it a good solvent.  
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 Figure 1-9. The Phase Diagram for Carbon Dioxide 
 
This combination of properties makes supercritical fluids attractive both for 
chromatography and extraction. The physical properties, such as density, viscosity 
and diffusion coefficient are important in extraction, because the density relates to the 
solvent strength, and viscosity and diffusivity determines the extraction rate of 
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Gas 1 x 10 -3 0.9-3.5 x 10 -4 1-100 x 10 –2 
Critical (TcPc) 4.7 x 10 –1 3 x 10 -4 70 x 10 –5 
Supercritical 
(Tc  6Pc) 
10.0 x 10 -1 1 x 10 -3 20 x 10 –5 
Liquid 10.0 x 10 -1 3-24 x 10 -3 0.5-2 x 10 -5 
 
From the above table, we can see that supercritical CO2 almost has the same 
density as liquid CO2 while its viscosity and diffusion coefficient are closer to those 
of the gaseous state than liquid one. This combination of liquid-like solvent strength 
and gas-like transport properties of supercritical fluids makes SFE an important 
alternative to traditional sample preparation methods, such as Soxhlet extraction.  
The density of the supercritical fluid determines its extraction strength; this 
parameter is determined by the pressure and temperature of the fluid. This makes 
selective extraction possible by changing the temperature or pressure or both. 
Furthermore, the most commonly used supercritical fluid, CO2, is a gas under the 
normal conditions (room temperature and normal pressure), which allow rapid solvent 
removal after extraction. In this way, the analytes can be obtained quickly and is free 
from any contaminating solvent.  Although there are a lot of pure substances that can 
be used as a SFE extractants, only CO2 is most suitable from a practical viewpoint. 
Table 1-5 lists some critical properties of possible supercritical fluids [125]. 
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Table 1-5 Critical Properties of Possible Supercritical Fluids 
 
Substance Critical Temperature  
(Tc  °C) 
Critical Pressure  
(Pc  kPa) 
Carbon dioxide (CO2) 31.1 7480 
Nitrous oxide (N2O) 36.5 7250 
Ethane 32.2 4820 
Ammonia (NH3) 132.5 11250 
Methanol 240 7850 
Xenon 16.6 5840 




Ethylene 9.9 5050 
Water (H2O) 374.4 22410 
 
 
From the table above, it appears that there are several potential supercritical 
fluids that can be selected as extractants, but in reality this is not the case. Due to 
impractical reasons, such as reasons concerning safety, cost-effectiveness, corrosivity, 
purity, environmental friendliness, etc., only CO2 is conveniently feasible. It is thus 
the most commonly used supercritical fluid. Supercritical ammonia is too reactive and 
dangerous to use routinely (apart from its relatively high critical temperature and 
pressure). Nitrous oxide displays the similar safety concerns because it is a strong 
oxidizing agent. Supercritical methanol is potentially a good solvent for more polar 
compounds, but its critical temperature is too high (240 °C). Moreover, the solvent-
removal is problematical after extraction and requires additional processing. As for 
freons, their manufacture and use have been banned since 1995, due to their role in 
ozone depletion. Thus, although freons have been found to give better recoveries for 
PCBs or PAHs by Hawthorne et al. and Howard et al., it is not recommended to use 
them [126,127]. Ethane and ethylene are also not commonly used because of their 
flammable and explosive potential. Similarly, supercritical water possesses severe 
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corrosivity that demands special materials to be used for extraction cells. Nevertheless, 
sub-critical water has some attractive properties and some studies have been carried 
out, which maybe have some potential applications. The principle and applications of 
sub-critical water extraction (SWE) will not be discussed in detail here.  
 Based on aforementioned considerations and comparisons, CO2 emerges as the 
most suitable supercritical fluid. The relatively low critical temperature (31.1 °C) and 
moderate critical pressure (7290 kPa) make it the supercritical fluid of choice for most 
analytical SFE applications.  Besides this, it is chemically inert, non-toxic, cheap and 
can be obtained in high purity (up to 99.999%). All these make CO2 an attractive 
extractant. Furthermore, the solvent-removal after extraction is convenient and 
automatic without additional work. However, a distinct disadvantage of CO2 is its 
nonpolar nature, which makes it not so powerful in extracting relatively polar 
compounds and analytes. An effective solution is to add some so called modifier as 
co-solvent, such as methanol, toluene, ethylacetate, etc [128-131]. Such modifiers can 
be added to the extraction cell directly or via another fluid delivering pump, in which 
the proportion and flow rate can be controlled and monitored. Obviously, the latter 
method is preferred here. The modifier-induced enhancement in solubility can be 
understood qualitatively via knowledge of the change of extractant properties, such as 
the change of density, polarity and some physical properties. A basic recommended 
rule in SFE, is not to add any modifier unless it is truly necessary, because the adverse 
effects of adding modifiers, can complicate the extraction, Selectivity would also 
suffer and it is more difficult to isolate the solvent after extraction [129,130].  
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A typical schematic diagram of SFE instrumentation is presented in Figure 1-10. 
Generally, the basic components of an SFE system include a supply of high purity 
CO2, a cooling system between the cylinder and delivering pump.  
 
Figure 1-10.  Schematic Diagram of Typical SFE Instrumentation 
 
A HPLC or similar pump (or two pumps) is to deliver the supercritical fluid. The 
pumps are run at a constant pressure or constant flow rate mode, to ensure an ideal 
supercritical fluid delivery. Another important part is the oven (GC oven or equivalent) 
with an extraction cell inside to control the temperature of the extraction, a very 
important parameter. The extraction cell, which is often made of stainless steel, is 
another important component. One of the most important requirements of the cell is 
that it should withstand high pressure; normally the pressure can reach 30000-40000 
kPa and even up to 50000 kPa. The extraction cell should be easily manipulated to 
facilitate the sample loading and removal. Another basic component is the so-called 
back pressure regulator (a restrictor), which controls the flow of the supercritical fluid 
in the extraction cell by maintaining the pressure inside it. The final component is the 
collector, which is often attached to the back pressure regulator. The collector can be 
     40
empty or contains some small quantity of a solvent to dissolve the extract, or can be 
packed with an adsorbent. An ideal collector should avoid any possible analyte losses. 
In SFE, there are many parameters that have to be optimized before a feasible 
method can be developed, such as fluid selection, oven temperature, pressure, flow 
rate of fluid, use modifier or otherwise, its identity, the ratio of modifier, extraction 
time, fluid density or dynamic extracting volume. Besides these, sometimes the 
swelling of the matrix, especially for those plant samples, is an important factor in 
enhancing extraction recovery and kinetics in SFE [132]. Due to the lack of 
theoretical knowledge and the diversity of samples, SFE optimization strategies were 
based on trial-and-error experiments in the majority of cases. With the development 
of the SFE mechanism and increased understanding of the kinetic models being set up, 
some basic guidance is now available and a lot of time can be saved in method 
development today.  As discussed already, there are not  many choices in the selection 
of a supercritical fluid. It has been demonstrated that CO2 is an excellent extractant 
for nonpolar or moderately polar compounds. However, because CO2 has no 
permanent dipole moment, which makes it is unsuitable for the extraction of more 
polar species extraction owing to lack of sufficient solvent strength. To solve this 
problem, a polar modifier will be added to the supercritical CO2. Commonly used 
modifiers are methanol, toluene and diethylamine. In selecting suitable modifiers, the 
properties of the target analyte, the current supercritical fluid and the matrix should be 
considered. Actually, what kind of modifiers and how much of it should be added into 
the supercritical carbon dioxide fluid are only based on empirical experience, simply 
because it is difficult to know the solubilities of the analytes in the modified 
supercritical fluids, and the interactions between the modified supercritical fluid, the 
target compound and the matrix. Thus, adding modifiers in supercritical fluid often 
     41
require time-consuming trial experiments and comprehensive access to published 
literature is necessary in order to glean some guidelines on modified SFE approaches. 
In order to maintain a critical temperature for the SFE system, an external heating 
system is required. A GC-like oven is thus often used, with the extraction cell inside. 
Temperature has two effects on SFE; on one hand, increasing the temperature will 
speed up and affect the volatility and diffusivity of the analytes and make diffusion 
and desorption of the analytes from active sites of the matrix easier and faster. On the 
other, the density of a supercritical fluid decreases if the temperature is increased. 
Hence, it is difficult to predict the effect of temperature in a particular extraction case. 
But based on the principle that the kinetics of the partitioning process will be 
improved at higher temperature, it is reasonable to forecast that increasing 
temperature is favored for volatile analytes [133-134]. Some studies also showed that 
increasing temperature could have an adverse effect on recoveries and selectivity 
[135]. In a word, the temperature effect in SFE is complicated, and it is difficult to 
evaluate without trials and experiments. Pressure is one of the main parameters that 
influences extraction recovery and selectivity in SFE. An increase in pressure at a 
constant temperature results in an increase in solvent strength, which means a better 
solubility of the analytes in the supercritical fluid. It is possible to change the solvent 
strength of a supercritical fluid by changing the pressure and temperature, which 
makes SFE selectivity possible. Although higher pressure is normally preferred, too 
high pressures, however, cannot always be applied because the SFE extraction system 
has its pre-designed maximum pressure. The SFE system can be performed in a more 
stable, reliable, and long-lasting mode if extraction is under a suitable system pressure. 
Nevertheless, by changing the variable pressure, a more selective extraction can be 
achieved.  The flow rate of a supercritical fluid can have a dramatic effect or none at 
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all, depending on the thermodynamics or kinetics in specific cases. If the extraction 
rate of target analyte increases significantly when the supercritical fluid flow rate is 
increased, then the limiting factor is the solubility. In this case the extraction can be 
improved by increasing the extraction pressure or by exposing the sample to a larger 
volume of supercritical fluid. If there is no obvious effect of the fluid flow rate on the 
extraction rate, then the limiting factor is mass transfer. Here, the mass transfer speed 
is slow and this limits the overall extraction rate. Thus an increase in the supercritical 
fluid flow rate does not affect the extraction rate. Typically, the supercritical flow rate 
is around 0.5-2 ml/min. As for extraction time, it is obvious that the longer the 
extraction time, the better the final recoveries. But considering the time-effectiveness 
and fewer possible interferences, an optimal extraction time is selected based upon the 
extraction pressure and temperature, when the flow rate is fixed. Normally the 
extraction is around 20 mins to 60 mins. Since the SFE depends on a lot of parameters, 
understanding the basic parameters can be a good guide to optimize a specific 
extraction case. Furthermore, knowing the polarity of the target analytes, matrix 
composition and previously reported successful SFE approaches, is crucial. 
Nevertheless, in order to develop reliable and quantitative SFE methods, a series of 
trial experiments have to be carefully done before the ideal selection of extraction 
conditions owing to the unpredictable nature of the interactions among the 
supercritical fluid, the analyte and the matrix. 
SFE has been applied to a wide range of samples for many years on an 
industrial scale. Nowadays, due to their superior qualities compared to other 
extraction media, supercritical fluids have become popular extractants for different 
types of target analytes from numerous matrices, such as environmental pollutants in 
soil and sediments [134,136-139], environmental pollutants in fly ash, sewage, and 
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even in polluted water samples [140-143], pharmaceutical products and toxic 
compounds in human and animal tissues [131,144-147], herbs and medical 
ingredients in plants [147-149], and food and flavor applications [150-153]. Among 
these applications, environmental analysis is the dominant field, while applications in 
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1.3 Scope of the research 
 
 
The primary objective of this thesis is to study several novel sample 
preparation methods used in conjunction with GC/MS or LC/MS analysis. Not only 
studies here are the basic principles and advantages but also the scope of interfacing 
and future prospect of each method are discussed. As will be described in detail in the 
thesis, traditional methods and some current sample preparation procedures are not 
satisfactory, and new methodologies for analyte extraction are needed to obtain good 
analytical results.  
In a word, even today, with the advances in techniques, unfortunately, there 
are still no universal isolation methods which can handle all samples and applications. 
For this reason, it is necessary and meaningful to study some aspects of sample 
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2.1 Introduction  
 
 
Polychlorinated biphenyl (PCBs) were manufactured under the trademark 
Aroclor from 1930 to 1970 by the Monsanto Corporation (St. Louis, MO). They have 
been utilized as dielectric fluids, flame-retardants and industrial lubricating fluids 
[1,2]. Due to their persistence, toxicity and carcinogenic potential, concern over their 
presence in the environment has increased over the past two decades [1,3,4]. In a 
famous case in 1968, PCB-contaminated cooking oil caused a total of 1291 “Yusho” 
patients in western Japan [5-7]. Consequently, restrictions both on manufacturing and 
use were introduced in Europe and North America in the 1970s  [2,5,8,9]. 
PCBs were first detected in eagles and herring in 1966 [10].  They were 
subsequently determined in many kinds of environmental matrices including water, 
air, plants, soils, animal and human tissue etc [6,7,11-16].  Many studies have been 
carried out on plant samples, with most of them on pine needles or lichen samples, 
because these two samples are very typical (they are found worldwide and can 
accumulate pollutants) [14,17-23]. There are no easy and simple sample pretreatment 
methods for PCBs. Traditional methods are time consuming and very difficult to 
perform, and have low recoveries. Generally, these sample preparation methods 
include a lot of steps, such as Soxhlet extraction, rotary evaporation, silica gel 
chromatography followed by gel permeation chromatography or Florisil column 
chromatography and silica gel fractionation etc [14,17,18]. These clean up steps were 
used and reported in previous studies even as recently as 1998 [18,23]. For example, 
Ockenden reported using Soxhlet extraction, alumina/silica gel chromatography, gel 
permeation chromatography and silica gel fractionation as the sample preparation 
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procedure [23]. Obviously, the more steps used, the more complicated the operation 
would be, and losses of analytes are highly probable.  Even for an accomplished 
analyst in this field, if each step of the aforementioned 5 steps, can achieve 95% 
recovery, the overall recovery would still be only 77%. A less tedious and easier 
sample preparation method is urgently needed.  
Supercritical fluid extraction (SFE) became popular in the 1980s for the 
extraction of environmental pollutants [24-29]. For example, the technique has been 
applied to alkanes, aromatic hydrocarbons and phenols in air, pesticides, nicotine, 
dicyclohexylamine in liquid matrices, and herbicides, pesticides, phenols etc in soil 
and sediment matrices [26,29]. However, to the best of our knowledge no one has 
applied SFE to the extraction of PCBs from pine needles.  
 The aim of this study was to investigate the suitability of using SFE with CO2 
as an alternative approach to process pine needle samples in the analysis of PCBs. 
This is the first report of the use of SFE for extraction PCBs from pine needles. 
Comparisons between SFE and other methods in extracting PCBs from pine needle 
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PCBs used in this study were purchased from Ultra Scientific (North 
Kingstown, RI, USA) in the form of Aroclor 1242, 1248, 1254 and 1260. (The 
Aroclor mixture (PCB mixture) was originally produced by Monsanto Chemical 
Company of St. Louis, Missouri. Aroclor“1242, 1248, 1254, and 1260 indicate the 
relative percentages 42, 48, 54 and 60 percent respectively, of chlorination contained 
in each of these mixtures; 12 indicates the 12 carbon atoms of the biphenyl ring.) 
Standard solutions of PCBs at 100 µg/ml concentrations were prepared in hexane 
(HPLC- grade, obtained from Fisher Scientific, Fair Lawn, NJ, USA). Anhydrous 
sodium sulfate was purchased from Goodrich Chemical Enterprise (Brecksville, OH, 
USA). Deionized water was produced with a Milipore Milli-Q system from Waters 
(Milford, MA, USA). 
2.2.2 Pine needle sample collection and preparation 
 
The pine needle samples were collected from 3 different locations within the 
Botanic Gardens, Singapore, for its availability. Since height is the most important 
factor that influences pollutant concentration [30], samples in this study were 
collected at approximately 1.6 m above ground level. All samples were stored in 
solvent-cleaned glass jars with aluminum foil-lined lids, and were frozen on return to 
the laboratory until extraction. 
2.2.3 SFE 
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SFE was performed using a JASCO (Tokyo, Japan) pump (PU980) and 
JASCO 880-81 backpressure regulator (up to 500 kg/cm2). A Therm Quest (San Jose, 
CA, USA) CE Trace series general GC oven was used as the temperature control unit.  
 The extraction fluid is CO2. Flow-rates of 1.0, 1.5, 2.0, 2.5 and 3.0 ml/min 
were evaluated.  The extraction temperature of this experiment was set to 120oC (60 
oC, 80 oC, 100 oC, 120 oC,140 oC were initially evaluated). with restrictor temperature 
at 60 oC and pressure at 20000 kPa. For optimization, extraction durations of 30, 40, 
50, 60 mins were evaluated. Finally, the optimized conditions were selected for real 
sample analysis, i.e., flow rate at 2.5 ml/min, extraction time of 50 mins and oven 
temperature 120 oC. 
The collection vial was about 12 cm long and test tube-like with a tapered end 
and a cone-socket cap, so it could be connected tightly to the back pressure regulator. 
No solid-phase trap or liquid solvent was needed to trap the extract. Finally, the 
extract was collected by using about 3 ml of HPLC-grade hexane and then pre-
concentrated to 0.5-1 ml by nitrogen blowdown. This extract was used for GC/MS 
analysis. 
Pine needle samples (ca. 3 g), together with 4 g anhydrous sodium sulfate, 
were ground with a mortar and pestle. Each sample was divided into 4 portions, each 
spiked separately with 100 µg/kg Aroclor 1242, 1248 1254 and 1260. For 
supercritical CO2 extraction, the stainless steel extraction cell was filled with 2.0 g 
anhydrous sodium sulfate. Then an accurately weighed sample was added to the cell.  
Another 2.0 g anhydrous sodium sulfate was added. Addition of the anhydrous 
sodium sulfate was to ensure a better distribution of extraction fluid and increase the 
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sample surface area. The same processing procedure was applied to real world non-
spiked pine needle samples. Each type of experiment was repeated for 3 times.  
2.2.4 Chromatographic analysis 
 
A DB-1 (100% dimethylpolysiloxane) GC column (30m x 0.25 mm I.D., 0.25 
µm film thickness) was purchased from J & W Scientific (Folsom, CA, USA).  The 
QP5000 GC/MS system was from Shimadzu (Tokyo, Japan). The temperature 
programme was as follows: Initial temperature 120 oC held for 1 min then increased at 
a rate of 5 oC/min to 280 oC and held for 3 mins. The injector temperature was set at 
280 oC and the MS interface temperature at 300 oC. The carrier gas (helium) flow rate 
was 1.2 ml/min. Typically, 1 µl of extract was injected under splitless mode.  
After extraction, 100 µg/kg octachloronaphthalene (OCN) was added to the 
pre-concentrated extract as internal standard, and blow down to 0.5-1ml via nitrogen 
gas. For analysis of unspiked (genuine) pine needles, the extract was concentrated to 
ca 0.1 ml, Internal standard OCN was added as well before nitrogen blow down.  
 
2.3 Results and Discussion 
 
In order to obtain optimized SFE conditions, parameters such as oven 
temperature, CO2 flow rate and extraction duration time were studied. 
Extraction temperature.  Previous work indicated that pure CO2 at high temperature 
could yield high recoveries of many semi-volatile pollutants [31-33]. Our results 
demonstrated that temperature does play an important role in PCBs’ extraction. With 
extraction time held constant at 40 mins, CO2 flow rate fixed at 2.0 ml/min, and 
restrictor temperature at 60 oC, the relationship between oven temperature (varied at 
60 oC, 80 oC, 100 oC, 120 oC and 140 oC) and recoveries of Aroclor 1260 (spiked at 
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100 µg/kg) were investigated. As shown in Figure 2-1, as the temperature increases, 
the recovery of Aroclor 1260 increases correspondingly. At 120 oC, the recovery 



















Figure 2-1.  Profile of Extraction Temperature and Recoveries  
at Constant Extraction Time (40 mins) and CO2 Flow Rate (2.0 ml/min) 
(Spiked with Aroclor 1260, 100 µg/kg) 
CO2 flow rate.  The effect of CO2 flow rate was studied by fixing the extraction cell 
and restrictor temperatures at 120 oC and 60 oC respectively, and the extraction time at 
40 mins. Triplicate extractions were carried out at flow rates of 1, 1.5, 2, 2.5 and 3 
ml/min. Recovery was based on the amount of spiked Aroclor 1260 (100 µg/kg) in 
each pine needle sample. Figure 2-2 shows the relationship between CO2 flow rate 
and recoveries of Aroclor 1260. 
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Figure 2-2.  Profile of CO2 Flow Rate and Recoveries,  
at Constant Extraction Time (40 mins) and Extraction Cell Temperature 
120 oC (Spiked with Aroclor 1260, 100 µg/kg)  
As shown in Figure 2-2, in the same period of time, the higher the CO2 flow 
rate, the greater the recovery. While it can be predicted that a higher flow rate would 
cause faster extraction, a leveling-off was observed when the flow rate was >2.5 
ml/min. Also, with increase of the flow rate, the system pressure would increase 
correspondingly, which is undesirable for the extraction system. A CO2 flow rate of 
2.5 ml/min was therefore selected as the optimum. 
Extraction time. The CO2 flow rate was fixed at 2.5 ml/min, and the extraction 
temperature at 120 oC, while extractions were carried out for 30, 40, 50 and 60 mins 
respectively.   
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Obviously, the longer the extraction time, the better the recovery would be. 
However, considering that more interfering materials would be extracted as well, 50 
mins was finally selected as the extraction time.  
In this work we did not focus on individual PCB congeners, but mainly on 
determining total PCBs in the form of the Aroclor series. Quantitative recovery 
measurements of PCBs were performed using the sum of PCB congener peak areas 
after a 5-point linear calibration curve from the corresponding gravimetrically 
prepared Aroclor standards. All results were corrected for by the internal standard 
method. 
Figure 2-3 shows a full-scan mass chromatogram of Aroclor 1260 with 





Figure 2-3.  Mass Chromatogram of Aroclor 1260 and Internal Standard 
OCN. Analytical Conditions are Given In the Text. 
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Table 2-1 lists the recoveries of different Aroclor standards in the spiked pine 
needles. 
Table 2-1 Mean (%) Recoveries and RSDs of PCBs Extracted by SFE 
From Three Different Spiked Pine Needle Samples 
 



















100 93.44a 6.17b 89.28 4.76 94.52 4.18 
Aroclor 
1248 
100 95.44 7.27 94.67 6.73 89.92 4.85 
Aroclor 
1254 
100 94.96 7.91 93.28 7.05 93.21 5.59 
Aroclor 
1260 
100 95.68 5.54 96.67 6.28 94.72 8.02 
 
a. n=3.  
b. Internal standard method was used for quantification. Analysis was 
performed by GC/MS-SIM (selected ion monitoring). 
c. SFE were performed with pure CO2 at 120 oC and 200kg/cm2 for 50 mins. 
Restrictor temperature = 60 oC. Recovery in % is based on the spiked value. Relative 
standard deviation is based on triplicate extractions. 
As shown in Table 2-1, recoveries are very good (90-95%). They are superior 
to traditional column chromatography-based methods (around 80% recovery) 
[14,18,22,23], which are also time-consuming and labor-intensive and comprise five 
or more steps.  
A recently published work for an example, used at least five steps for the 
pretreatment of pine needle samples [18]. Firstly, Soxhlet extraction was performed, 
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the extract was then evaporated under vacuum. The third step was alumina/silica gel 
chromatography, followed by gel permeation chromatography. Finally, silica gel 
fractionation was carried out. This procedure consumed more organic solvents and 
took longer than SFE, with lower recovery. Besides, the operation was tedious and 
difficult even for an experienced chemist.  
We observed the co-extraction of some interfering materials, probably 
terpenes and alkyl alcohols. However, since GC/MS-SIM mode was used, the 
problem was not significant. 
Under SIM mode, not only the sensitivity but also the selectivity were much 
improved. Under this mode, only those target PCBs were monitored. Generally 4-5 
typical ion sets were monitored for each Aroclor mix to confirm its identity. Table 2-2 
lists the main ions monitored for each Aroclor set. 
Table 2-2 Main Ions of Aroclor 1242, 1248, 1254 and 1260 






Aroclor 1242 186.05, 221.95, 258.00, 291.85, 325.75 8-18 
Aroclor 1248 186.05, 257.95, 291.90, 325.85 10-21 
Aroclor 1254 254.00, 291.95, 325.85, 327.80, 359.95 14-25 
Aroclor 1260 325.90, 359.85, 393.95, 395.85 19-28 
 
The limits of determination (LOD) achieved in this work (at S/N=3) were 5-10 
µg/kg for Aroclor 1260. Because we only have standard solution for aroclor series, we 
do not have standard for individual congeners. Thus, the LOD for each congener 
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should be approximately 0.5-1 µg/kg since each Aroclor mix contains at least 15 
congeners.  
To test the ruggedness of the method, we compared the results obtained at an 
interval of 2 days each. We found that the RSDs were quite close to those shown in 
Table 2-1, i.e., around 6-7%. This demonstrates that the method displays both good 
repeatability and reproducibility. 
To evaluate the SFE method developed, three different real world pine needle 
samples were determined under the optimized experimental conditions. The PCB 
concentrations are shown in Table 2-3. 
Table 2-3  SFE and GC/MS-SIM Analysis of 
PCBs in Pine Needle Samples 
 









#1 NDc ND 0.7±0.07 1.1±0.37 
#2 ND ND ND ND 
#3 ND 0.6±0.24 ND ND 
 
a Different selective ion monitoring methods set up for the respective Aroclor 
sets were used to monitor the samples. 
b n=3. Quantification based on internal standard calibration. 
c ND means not detected (below 0.5 ng/g). 
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The results show that the concentrations of PCBs in the pine needles were low 






This study mainly investigated the possibility of applying the SFE technique 
in the extraction of PCBs from pine needle samples.  
For the first time, SFE with CO2 was used to extract PCBs from pine needle 
samples. Results show that SFE with GC/MS-SIM mode is a reliable technique to 
determine PCBs in these samples. The advantages are faster extraction, consumption 
of less organic solvent, and high extraction efficiency etc. The RSD for duplicate SFE 
extractions of spiked PCBs were between 5 and 10%.  
Although some co-extractants were observed, they were in very small 
quantities, and the use of GC/MS-SIM for analysis afforded a measure of selectivity 
for the PCBs. Concentrations of PCBs were found to be lower than those sites in UK 
or in other European countries. 
The present work indicates that it is feasible to use SFE as an effective sample 
pre-treatment method in the analysis of PCBs from pine needles. It provided the 
possibilities for the monitoring and estimating PCBs contamination levels and their 
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DETERMINING POLYCHLORINATED BIPHENYL IN 
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3.1 Introduction  
 
Polychlorinated biphenyls (PCBs) are classified as carcinogens [1,2] and due 
to their low rate of degradation, can bioaccumulate. They are ubiquitous in the 
environment and have been determined in many types of environmental matrices 
including water, air, plants, soils and animal and a human tissue [3-12]. 
 The trend in environmental analysis is to develop simpler, faster, preferably 
lower-cost and higher efficiency methods both in extraction and determination of 
pollutants. Reducing the use of organic solvents and developing environmentally- 
friendly procedures is also a recent focus. Compared to time-consuming and labor-
intensive methods such as Soxhlet extraction and column chromatographic clean-up, 
MAE (microwave assisted extraction) [13-17] and SFE (super critical fluid extraction) 
[18-27] are two faster and more effective methods especially useful for the extraction 
of PCBs in soil samples. 
 The objective of this work is to compare MAE and SFE for the extraction of 
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PCBs used in this study were purchased from Ultra Scientific (North 
Kingstown, RI.USA) and in the form of Aroclor. The stock solution was prepared in 
hexane (100ug/ml). The solvents used (acetone, hexane) were all HPLC-grade and 
were obtained from Fischer Scientific (Fair Lawn, NJ, USA). Anhydrous sodium 
sulfate was purchased from Goodrich Chemical Enterprise (Brecksville, OH, USA). 
Deionized water was produced with a Milipore Milli-Q system from Waters (Milford, 
MA, USA). 
3.2.2 Soil sample collection and preparation 
 
Three types of soil samples were collected randomly from different sites in an 
industrial area (Jurong East) in Singapore. They were different in general color 
(yellow, brown, and black respectively). All the 3 samples were dried under room 
temperature and  ground with a mortar and pestle, then sieved through a sieve (<3 mm) 
to remove debris. They were then homogenized, wrapped in aluminium foil and 
stored in a bottle in a refrigerator below 5 oC. 
3.2.3 MAE 
 
MAE experiments were carried out with the CEM (Matthews, NC, USA) 
MarsX microwave extraction system, equipped with a solvent detector, and 
temperature and pressure sensors. Soil samples were spiked with 40 µg/kg Aroclor 
1260, 1254, 1248, and 1242 respectively. Each sample was aged for 30 days in a 
refrigerator. For extraction, 3 g soil sample was accurately weighted into the Teflon-
     73
lined extraction vessel. 30 ml hexane-acetone (1:1) solvent was then added. A 
magnetic stirring bar was used for better extraction effect. Ensure the rupture safety 
membrane was inserted before close each vessel. Extractions were performed at 110 
oC for 5 mins at 100 percent power (1200 watts) then held for 3 mins, This circle was 
repeated twice. After extraction, the vessels were cooled down to room temperature 
before being opened. The supernatant was filtered through a filter paper prewashed 
with hexane-acetone (1:1). The vessel was washed with the mixed solvent several 
times. The extract was subsequently concentrated to approximately 1 ml by nitrogen 
gas blowdown.  If the extract exhibited a deep color, then active charcoal was used to 




SFE was performed using a JASCO (Tokyo, Japan) PU 980 pump and JASCO 
880-81 back pressure regulator. A Therm Quest (San Jose, CA, USA) CE Trace series 
general GC oven is used as the temperature control unit.  
Extraction fluid was CO2 with a dynamic flow-rate of 1.5 ml/min.  The 
extraction temperature was 100 oC (with restrictor temperature at 60 oC) and pressure 
20000 kPa. Each extraction lasted 40 mins.  
The collection vial was about 12 cm long and test tube-like with a tapered end 
and a cone-socket cap, so it could be connected tightly to the back pressure regulator, 
No solid-phase trap or liquid solvent was needed to trap the extract. The extract was 
collected into 3 ml of hexane and pre-concentrated to 1ml by nitrogen gas blowdown. 
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Soil samples, spiked with 40 µg/kg Aroclor 1242, 1248 1254 and 1260 
respectively, aged for 30 days, and genuine samples were extracted. The stainless 
steel extraction cell was filled with 2.0 g anhydrous sodium sulfate. Accurately 
weighed soil sample (1.5 g) was then added to the cell, with another 2.0 g sodium 
sulfate added on top of that. The aim of adding sodium sulfate is to ensure a better 
distribution of extraction fluid and to enlarge the sample surface area. If the sulfur 
content was too high in the soil sample, 1.0 g copper powders was mixed with the soil 
sample to remove the sulfur. This is because the presence of sulfur may cause 
restrictor blockage [21,22].  
3.2.5 Chromatographic instruments and conditions 
 
GC-ECD 
A DB-17 (50%-phenyl-methylpolysiloxane) column (60 m x 0.25 mm I.D. 0.25 
µm film thickness) from J & W Scientific (Folsom, CA, USA) was used. The 
chromatographic system consisted of an HP-5890 Series II gas chromatograph 
equipped with a 63Ni-electron capture detector (ECD) and a split/splitless injector. 
The carrier gas was nitrogen at 2.0 ml/min at a split ratio of 1:20. The auxiliary gas 
was nitrogen.  The temperature program was as follows:  
Initial temperature 120 oC held for 5 mins then increased at a rate of 8 oC/min to 
200 oC and held  for 5 mins, another increase at a rate of 2 oC/min to 280 oC, held for 
6 mins. The injector and detector temperatures were 280 oC and 300 oC respectively. 
Typically, injection volume of 1 µl was used.  
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GC/MS 
A DB-5 (5%-phenyl-methylpolysiloxane) column (30m x 0.25 mm I.D. 0.25 µm 
film thickness) from J & W Scientific was used in a Shimadzu (Tokyo, Japan) QP-
5000 GC/MS system equipped with a Shimadzu model AOC-17 Auto Injector.  
The temperature program was as follows: 
Initial temperature 100 oC held for 2mins then increased at a rate of 8 oC /min to 
160 oC and held for 2mins, another increase at a rate of 4 oC /min to 280 oC, held for 
6mins.The injector and detector temperatures were 250 oC and 300 oC respectively. 1 
µl extracts were injected. The carrier gas was helium at a flow rate of 1.3 ml/min. A 










3.3 Results and Discussion 
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GC-ECD with the DB-17 column achieved very good separation of the PCBs 
extracted from the spiked soil samples. Figure 3-1 and Figure 3-2 show 
chromatograms of Aroclor 1254- and 1260-spiked soil samples. For quantification, 
external standard calibration was used because in our work we did not focus on 
individual PCB congeners, but were mainly interested in determining total PCBs in 
the form of the Aroclor series. Quantitative recovery measurements of PCBs were 
performed using the sum of PCB congener peak areas based on a 5-point linear 
calibration curve from corresponding gravimetrically prepared Aroclor standards. 
 
Figure 3-1. GC-ECD Chromatograms of Aroclor 1254 Spiked Soil 
Sample, Detailed Parameters and Conditions are Given In the Text.  
((Spiked with Aroclor 1254, 40 µg/kg)) 
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 Figure 3-2. GC-ECD Chromatograms of Aroclor 1260 Spiked Soil 
Sample, Detailed Parameters and Conditions are Given In the Text.  
(Spiked with Aroclor 1260, 40 µg/kg) 
 
3.3.1 Recoveries of PCBs Using SFE and MAE 
 
The comparative recovery data relating to PCB extraction by MAE and SFE 
are given in table 3-1 and 3-2. 
Table 3-1 Mean (%) Recoveries and %RSDs of Spiked PCBs Extracted 
by MAE from Three Different Aged Soil Matrices 
Spiked 
Level Soil Sample #1 Soil Sample #2 Soil Sample #3 
PCBs      
µg/kg Recovery (%)
a %RSD Recovery (%) %RSD Recovery (%) %RSD
Aroclor  1242 40 65.58b 11.12 68.93 10.37 70.08 9.37 
Aroclor 1248 40 74.04 9.08 78.66 8.35 74.65 12.45
Aroclor 1254 40 83.26 5.69 82.25 6.07 79.62 8.39 
Aroclor 1260 40 81.95 8.32 84.83 5.04 82.24 6.48 
     78
 a. n=3. 
b. The analyses were performed by GC-ECD. Extraction solvent was hexane-acetone (1:1). 
 
 
Table 3-2 Mean (%) Recoveries and %RSDs of Spiked PCBs Extracted 
by SFE from Three Different Aged Soil Matrices 
Spiked 
Level Soil Sample #1 Soil Sample #2 Soil Sample #3 PCBs 
µg/kg Recovery (%)a %RSD Recovery (%) %RSD Recovery (%) %RSD 
Aroclor 1242 40 87.32b,c 4.31 82.65 5.26 90.30 3.28 
Aroclor 1248 40 91.44 3.76 90.87 4.79 88.66 6.32 
Aroclor 1254 40 93.26 3.06 92.58 5.03 93.77 4.56 
Aroclor 1260 40 86.75 5.83 90.67 4.47 91.74 3.69 
 
a. n=3. 
b. The analyses were performed by GC-ECD. 
c, SFE were performed with pure CO2 at 100 oC  and 20000 kPa for 50 mins. (Restrictor 




It can be seen that SFE gives higher recoveries. The unsatisfactory recovery 
by MAE may be due to the repartition of PCBs back to soil after cooling. The 
advantage of MAE is that it can handle up to 12 samples at a time, and extraction time 
was slightly less (around 30 mins) than SFE (around 40 mins). However, Based on 
these data, we selected to use SFE for genuine soil samples. 
Table 3-3 lists the main PCB ions (m/z) monitored with GC/MS-SIM in this 
work. Figure 3-3 and 3-4 show total ion chromatograms of Aroclor 1242 and 1248 
respectively. PCB concentration in geniune soil samples are shown in Table 3-4. 
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Table 3-3 Main PCB Ions (m/z) of Aroclor 1242,1248,1254 and 1260 
Monitored by GC/MS-SIM. 
 
PCB Main Ions (m/z) 
Aroclor 1242 186.05, 257.95, 291.90, 325.85 
Aroclor 1248 221.95, 258.00, 291.85, 325.75 
Aroclor 1254 291.95, 325.85, 327.80, 359.75 
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Table 3-4 Use of SFE and GC/MS-SIM In the Determining of 
Total PCBs In Genuine Soil Samples 
 









#1  1.2±0.20c 2.8±0.09 3.2±0.06 NDd 
#2 ND ND ND ND 
 #3 ND ND 3.3±0.08 4.8±0.26 
 
a. n=3. 
b. GC/MS-SIM method used different methods, these are vs Aroclor 1242,1248,1254 and 
1260. 
c. ND means not detected (below 0.5 ng/g ) 
 
SFE method using CO2 gave good quantitative results and confirmation by 
GC/MS-SIM was reliable and effective.  
Although the two methods (MAE and SFE) can reliably be applied to the 
determination of PCBs in soil, SFE gives better recoveries and is easier to perform. It 
uses less solvent. The advantage of MAE is that it can extract up to 12 samples at a 
time, and the extraction time is slightly shorter than for SFE. However, MAE needs a 
filtration step and a longer pre-concentration time after extraction. The selectivity of 
both methods is similar and needs to be compared. For SFE, a modifier can be added 
to improve the selectivity. For MAE, a suitable solvent mixture and its ratio can be 
changed to adjust the selectivity. Experimental conditions such as temperature, 
pressure and extraction time can be further optimized as well. Table 3-5 summaries 
the comparison between SFE and MAE. In general, SFE offers marginal advantages. 
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However, in terms of recoveries of PCBs from soil, SFE should be the method of 
choice. 
Table 3-5 Comparison Between SFE and MAE in the 
Determination of PCBs in Soil Samples 
 
 SFE MAE 
Extraction Time Ca. 45 mins Ca.30 mins 
Recovery 85-95% 65-80% 
Samples treated 1 sample each time Up to 12 samples 
Solvent used 3 ml for each sample 30 ml for each sample 
Instrument cost High High 
Operation cost Low Low, but larger volume of 
solvent needed 
Selectivity Adequate Adequate 
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3.4 Conclusion  
 
 
In this study, two methods of extracting PCBs from soil samples were 
investigated and compared: microwave assisted extraction with hexane-acetone (1:1) 
and supercritical CO2 extraction. High resolution GC with electron-capture detection 
(using a 60-m DB-17 capillary column) and GC/MS selected ion monitoring (SIM) 
achieved both accurate identification and quantification of the PCBs. 
Both methods can achieve good recovery but supercritical CO2 extraction is 
easier to perform and gives better results. Genuine soil samples were determined 
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STUDY OF FRAGRANCE LOSS FROM COMMERCIAL 















The origin of soap, a modern widely used personal hygiene product, is obscure. 
During the excavation of ancient Babylon, a soap-like material was found in clay 
cylinders, evidence that the craft of soapmaking was known as early as 2800 B.C. 
According to the Ebers Papyrus recording, ancient Egyptians bathed regularly. They 
combined animal and vegetable oils with alkaline salts to form a soap-like material 
used for treating skin diseases and washing. This method is exactly the common 
recognized way of making soap [1, 2]. 
According to an ancient Roman legend, soap got its name, from Mount Sapo, 
where animals were sacrificed. It was said that the fat dripping off from an animal 
sacrifice dripped into the ashes of the fire below it, and when mixed together with 
rainwater, a soap prototype was made. The use of such a primordial soap was 
discovered accidentally by women doing laundry during the ancient age. They 
discovered that clothes were easier to clean with the mysterious mixture. By the 
seventh century, soap-making was an established craft in Europe. Italy, Spain and 
France were early centers of soap manufacturing, due to the plentiful and ready 
supply of olive oil, a raw material for soapmaking. In 1791, Leblanc, a French 
chemist, patented a process for making soda ash, or sodium carbonate (Na2CO3), 
which was a major step toward large-scale commercial soapmaking. Moreover, the 
quality of soap was improved as well. Another French chemist, Chevreul, established 
the chemistry of soap by studying the fatty acids, soda ash and glycerin and their 
interaction. These scientific discoveries and understanding of soap chemistry, together 
with the development of other technologies, make soapmaking one of the fastest-
growing industries. [3] 
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 Today, soap has become a more complicated and multi-functional cleansing 
product. Its ingredients commonly include surfactants (30-70%), plasticizers and 
binders (20-50%), filler (5-30%), lather enhancers (0-5%), fragrance (0-3%), dyes and 
pigments (0-1%), opacifying agents (0-0.3%) and other functional additives such as 
antibacterial reagent and whitening agents. Numerous research and studies were done 
on its all aspects. Among them, the interaction between soap base and fragrance is one 
of the most interesting and complicated topics [4]. 
Generally perfume does not contribute directly to the cleansing function of 
soap or other cosmetic products. However it is an important factor in attracting 
consumers. According to a survey, when purchasing personal care products, the 
consumer first smells the product and decides whether to buy or not by their noses. 
Thus, the perfume inside the product plays a key role. As a specified perfume is a 
harmonious mixture of up to 100 or more fragrant individual materials, creating a 
perfume is a combination of art and science. A lot of factors have to be taken into 
account before a final perfume is selected. Among them, the interaction and stability 
of perfume in a specified soap base or other bases such as detergent, softener etc is of 
concern, and is a subject of much research. The purpose of adding perfume in soap is 
to cover the bad odor and keep nice smell as long as possible. Unfortunately, currently 
we have very little understanding of in-use fragrance performance during the standard 
lifetime of a soap bar. As soaps can be used for periods of up to 2 months in typical 
households it is important to understand fragrance loss and change throughout the 
whole in-use period. 
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In terms of perfume analysis from personal care and home care products, there 
are several sample preparation methods available, such as Soxhlet extraction, Likens 
Nickerson extraction, thermodynamic desorption, SFE etc, followed by analytical 
instruments such as GC, GC/MS or LC/MS etc [4-9]. As a matter of fact, most of 
these methods are well developed and validated for routine analysis. However, if 
applied them here, the aforesaid objective can’t be obtained, simply because all these 
methods can’t keep the soap intact. As discussed earlier in chapter 1, SPME is widely 
accepted and rapidly evolved as a very good sample preparation method in modern 
analytical chemistry [10-21]. In this work, SPME was employed since it is not a 
destructive extraction procedure.  
 The aim of this study was to measure the in-use fragrance stability by using a 
combination of analytical measurements and olfactory evaluation. The study also 
yields interesting insights into how individual perfume raw materials behave during 














4.2.1 SPME  
 
  
4 types of SPME fibres, 100 µm PDMS red fibre, 65 µm PDMS/DVB blue 
fibre, 75 µm CAR/PDMS black fibre and 85µm PA white fibre were tested in this 
study, ranging from non-polar, bi-polar to polar fibres.  
A Gerstel (Mülheim an der Ruhr, Germany) multipurpose auto-sampler 
system (MPS2) was used. With the MPS2, automatic liquid injection, headspace 
analysis and SPME analysis can be carried out. Here, automatic SPME analysis was 
carried out to select the best fibre. A No 4 cork borer was used to take a small sample 
from a soap bar, which was placed in a 20-ml SPME sample vial. The four types of 
SPME fibres were tested for their performance and the respective sets of analytical 
data compared for reproducibility. 
 
4.2.2 Materials and Analysis 
 
For chromatography and mass spectrometry, an Agilent (Wilmington, DE, 
USA) model 6890 GC and model 5973N Quadrapole Mass Selective Detector was 
used. A DB5MS (Phenyl Arylene polymer, equivalent to 5%-Phenyl-
methylpolysiloxane) column (30m x 0.25 mm ID x 0.25 µm film thickness) was 
purchased from J & W Scientific (Folsom, CA, USA).   
The GC temperature program was as follows: 
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Initial temperature 50 oC held for 2 mins then increased at a rate of 8 oC/min to 
220 oC and held for 1 mins, and then temperature increased at a rate of 4 oC/min till to 
265 oC.  The injector temperature was set at 270 oC and the MS interface temperature 
at 280 oC. Carrier gas (helium) flow rate was 1.2 ml/min, (Linear velocity: 39). Split 
ratio set at 10:1.  
 
4.2.3 Soap sample preparation, washing and extraction 
 
 
The commercial sample was soap from a batch of a newly launched product. 
An olfactory evaluation of the original soap was done by a Fragrance Development 
Manager (FDM), an expert from Firmenich, and evaluation results were recorded 
accordingly.   The entire soap was then placed into a clean jar which was covered by a 
polyethylene sheet.  After 1-hr incubation, a pre-conditioned 100 µm PDMS fibre was 
inserted into the jar to carry out the headspace extraction of volatile compounds for 30 
mins. After extraction, the analysis was done via an Agilent GC/MS (6890 GC, 
5973N MSD) system. The desorption temperature was 270 oC, lasted for 4mins. After 
the first extraction and analysis, took out the original soap from the jar, washed it till 
around 80% left (by weight, made sure dry it in the air before weighing), recorded the 
weight value. FDM again recorded the 80% soap’s olfactory evaluation value with a 
soap reference. Then the soap was put into another clean jar and incubated for 1 hour.  
After that, 30 mins SPME headspace extraction was carried out. Finally, the analysis 
was done by GC/MS. Follow aforesaid procedure till the soap was around 20% left. 
Since the parameters are of vital importance to the analysis result, it is critical 
to control them identical. Extractions were carried out at least twice for each sample 
to get more reliable result. 
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4.3. Results and Discussion 
 
 
Initially, experiments were performed to determine the most suitable SPME 
fibre type for the purpose. A Gerstel Multi-Purpose Auto-Sampler was used for 
carrying out automatic SPME analysis on a 20 ml sample vial with a small piece of 
soap sample inside (see experimental section). Four types of fibres including red, 
white, black and blue were evaluated. In terms of the chromatographic quality, 
reproducibility and operation conditions, the 100µm PDMS fibre was the best choice. 
Figure 4-1 shows chromatograms generated from use of the PA and PDMS coated 
fibre. In general, they are similar. However the PDMS red fibre gave better response 
especially for those non-polar ingredients. 
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 Figure 4-1. Comparison of Chromatograms Generated by Different 
SPME Fibres 
We run the same sample with the same SPME fibre 3 times in order to get a 
basic idea of the reproducibility of each fibre. We found that the 100µm PDMS gave 
almost the same results if we use the identical experimental parameters. This may due 
to the absorbtion feature of the fibre.  It’s one of the most suitable fibres for 
quantification purpose. As it is not possible here to add salt, internal standard and 
stirring as what we do in deal with liquid samples, it is very important that we select 
the right fibre with good reproducible results. PA fibre also gave similar results and 
reproducibility too, But because the pre-conditioning of the PA fibre took 2 hours 
with more stringent temperature conditions compared with only half an hour 
condition time needed for PDMS fibre, thus we select the PDMS fibre finally for 
further study. As for the black and blue fibers, obviously the sensitivity of both fibers 
is lower, (see the chromatograms) and base line shifting was observed as well. 
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 Figure 4-2 shows the reproducible results obtained by using the PDMS fibre 
with strict control of the parameters such as incubation time, extraction time and 
chromatographic conditions. Because the soap includes many fragrance ingredients 
and it would not be practicable to identify all ingredients and calculated them in total. 
Here we only selectively identified those main peaks (17) since the total perfume loss 
is based on these main ingredients as an indicator. Table 4-1 listed the main 
ingredients identified in a commercial soap sample. Table 4-2 listed the 17 main 
peak’s area between the first and second run and their differences (only 2.5% 
difference in total). 
 
Figure 4-2. Reproducible Test Results Obtained by PDMS Fibre 
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 Table 4-1 Main Perfume Ingredients Detected in a Soap Sample 
No Time Name Formula CAS No 
1 10.917 LIMONENE C10H16  000138-86-3 
2 10.985 EUCALYPTOL C10H18O  000470-82-6 
3 11.618 DIHYDROMYRCENOL C10H20O  053219-21-9 
4 12.086 LINALOOL C10H18O  000078-70-6 
5 12.352 PHENETHYL ALCOHOL C8H10O  000060-12-8 
6 12.931 CAMPHOR C10H16O 000076-22-2 
7 13.125 ISOBORNEOL C10H18O  000124-76-5 
8 13.245 BORNEOL C10H18O  000507-70-0 
9 14.033 BETA CITRONELLOL C10H20O  000106-22-9 
10 14.424 GERANIOL C10H18O  000106-24-1 
11 14.868 BETA TERPINYL ACETATE C12H22O2  000000-00-0 
12 15.583 DIHYDROCARVYL ACETATE C12H20O2  020777-49-5 
13 15.805 TERPINYL ACETATE C12H20O2  000080-26-2 
14 17.066 JASMACYCLENE EXO C12H16O2  000000-00-0 
15 18.071 LILIAL C14H20O  000080-54-6 
16 18.158 AMYL SALICYLATE C12H16O3  002050-08-0 






Table 4-2.  Peak Area Differences Between First and Second 
Run by PDMS SPME-GC/MS 
 
No Time Peak Area (1st Run) Peak Area (2nd Run) Differences 
(Area 2/Area 1)
1 10.917 22938198 20454116 0.89 
2 10.985 12656777 15309953 1.21 
3 11.618 2.27E+08 2.22E+08 0.98 
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4 12.086 67860738 65733114 0.97 
5 12.352 7264862 8880506 1.22 
6 12.931 13427190 12489550 0.93 
7 13.125 22307391 21992007 0.99 
8 13.245 52284860 50545988 0.97 
9 14.033 39356510 41952811 1.07 
10 14.424 11561261 11921072 1.03 
11 14.868 29159688 23457040 0.80 
12 15.583 11259648 8759743 0.78 
13 15.805 1.47E+08 1.37E+08 0.93 
14 17.066 11579619 13439627 1.16 
15 18.071 18635248 16865098 0.91 
16 18.158 22494419 19101593 0.85 




Figure 4-3.  Identification of Main Fragrance Peaks  
Figure 4-3 shows the main fragrance ingredients identified in the soap sample 
after SPME-GC/MS analysis. Quantification results are based on the 17 main 
ingredients as an indicator. 
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The FDM olfactory stability evaluation value (number used to indicate the 
fragrance strength and intensity, i.e., 10 is the strongest) and SPME-GC/MS analysis 




Table 4-3  FDM Evaluation and GC/MS Analysis Results 
Soap sample 1     
      
  Original  1st wash 2nd wash 3rd wash  4th wash 
Weight/g 96.8926 78.5951 56.306 40.706 20.861 
% 100 81.1 58.0 42.0 21.5 
FDM evaluation 7 6 6 4 4 
GC/MS Result 100.00% 92.84% 73.51% 43.64% 53.56% 
 
Soap Sample 2     
      
  Original  1st wash 2nd wash 3rd wash  4th wash 
Weight/g 84.3305 69.3727 50.7749 33.7496 18.6558 
% 100 82.2 60.2 40.0 22.1 
FDM evaluation 10 8 7 5 5 
GC/MS Result 100.00% 68.07% 40.07% 33.95% 52.73% 
 
Based on data in table 4-3, more visual chart reports were show in Figure 4-4 
and Figure 4-5.  
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Figure 4-4. Fragrance Loss Profile of Soap Sample 1 After Usage 
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Figure 4-5.  Fragrance Loss Profile of Soap Sample 2 After Usage 
(FDM Evaluation Value and Headspace SPME-GC/MS results) 
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From the above results we found that perfume loss of soap after usage is 
obvious and measurable. The SPME-GC/MS analytical results are similar to FDM’s 
olfactory evaluation. However it gives us more scientific information in order to 
understand the perfume behavior better. Most of perfume was lost during the first 
wash and the third wash. No obvious loss was found after the third wash. Results also 
showed that some perfume ingredients such as limonene, camphor and geranial lost 
far more quickly than other ingredients. This explained that why there are often some 






















In order to study the fragrance loss of a soap in-use, a headspace SPME 
procedure was firstly reported. The method is simple, effective and reliable. During 
the washing and measurement, the soap remained intact so that subsequent studies 
could continue to be carried out. 
It is not easy to develop a quantitative method with headspace SPME analysis, 
even with an internal standard. However, with strict control of the experimental 
parameters and averaging analytical results, it is possible to provide a more scientific 
probe to the fragrance behavior in the soap after usage. 
The analysis results give detailed, supplementary and valuable information 
compared to traditional olfactory evaluation, which is mainly based on empirical 
perception. Furthermore, besides the overall fragrance performance, it provides 
individual fragrance ingredients’ behavior as well. 
The method described here can be easily applied to other similar studies when 
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High-resolution chromatography combined with mass spectrometry, i.e., 
GC/MS and LC/MS are the two most useful separation and detection techniques in 
modern analytical chemistry. Sample preparation and pre-treatment methods are 
critical to enhancing selectivity and improving sensitivity in high-resolution 
chromatographic analysis. Therefore, a focus on sample preparation methods and their 
applications combined with high-resolution chromatography is a very meaningful 
research topic. There is no universal procedure that can be applied to any sample and 
matrix. However, it is always easier and faster to find the best solution for a special 
analytical requirement, if one equipped with the in-depth understanding and mastering 
of types of sample preparation methods. 
This study covered MAE (microwave-assisted extraction), SFE (supercritical 
fluid extraction) and SPME (solid-phase microextraction) special applications and 
methods development, discussed their mechanism, advantages and disadvantages in 
detail, mainly combined their applications with GC/MS.  In the beginning, for the first 
time, the feasibility of using SFE to extract PCBs from pine needle was fully studied. 
Compared with those traditional multi-steps sample preparation methods, this method 
is simpler, faster and more reliable. Then, two extraction methods, MAE and SFE, 
were compared in detail when applied them in extracting PCBs from soil samples. 
Results show that SFE can achieve better recovery and repeatability while MAE can 
handle more samples than SFE. Finally, SPME was applied in a soap in-use study. 
Eventually the fragrance loss profile was investigated more scientifically compared 
with traditional olfactory evaluation by human nose. And this made further valuble 
information possible, such as which ingredient (ingredients) is more liable to change 
than the rest. All these information could be a great guide in helping perfume creation. 
     104
In a word, with more and more new and innovative sample preparation 
methods available, one can select the best method (methods) to solve the most 
complex analytical problem which was not possible before, provided that he or she 
has the in-depth understanding and knowledge of the various methods. 
 Nevertheless, it should be noted that in our study, there are some 
shortcomings. For example, the determination of PCBs in pine needle and soil 
samples in the form of Aroclor was not precise and accurate. Although traditionally 
Aroclor series was used as standards for PCBs quantification, it is true that such kind 
of quantification will not be accurate enough due to its inherent defects. Furthermore, 
the procedure of quantification will be more complex. Therefore, it could be better if 
we choose individual congeners as PCBs standards and ideally, we should use some 
isotope labelled standards for more reliable results, especially in the determination of 
PCBs in the real world samples. Secondly, the current method for perfume analysis in 
soap is semi-quantitative; it would be better if we could do some solvent extraction, 
(for example, ultrasonic solvent extraction) and get quantified results. We may need a 
lot of soap samples for benchmark since the soap will be destroyed and much more 
work is needed, but we can get a more detailed result. Eventually the concentration of 
perfume in the soap could be determined and normalized to soap size.  
As far as sample preparation methods are concerned, in the future, we can 
carry out some in-depth study on new material in SPE and SPME; and their 
applications based on these new packing and coating material. There are always a lot 
of pending tough analytical challenges, based on the special selectivity of these new 
material; we could solve such kinds of problems faster and better. Membrane 
extraction also can be one of the research topics in sample pre-treatment, especially in 
combination with other sample preparation methods. Since environmental friendly 
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methods will continuous be the trend, study on sub-critical water extraction could be 
of great interest if it gets some breakthrough in instrument development. As for 
combination of chromatography technique, currently our researches are mainly based 
on sample preparation for GC/MS. In the future, study of sample preparation methods 
for LC/MS will sure be more interesting and promising, since a lot of topics such as 
proteomics, metabolite analysis, bio-analysis, drug discovery, and other thermo-liable 
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